ABSTRACT
INTRODUCTION
Ammonia can condense to form ammonia ice at 720 mbar for the solar N/H ratio, 840 mbar for 3 times solar N/H, or 1000 mbar for 4 times solar N/H . The N/H ratio in the deep atmosphere of Jupiter is constrained to be 3-4 times solar abundance (Folkner et al. 1998; Atreya et al. 2003; Wong et al. 2004) , setting the condensation level to be at ∼900 mbar. Condensation processes usually preferentially select heavier isotopologues. Photolysis can either enhance (e.g., see Cheng et al. 2006; Liang et al. 2004) or deplete (e.g., NH 3 , this work; OC 34 S, Leung et al. 15 2002) the abundance of heavy isotopologues. So the isotopic composition of molecules provides a tool for understanding chemical and dynamical processes in the atmospheres of planets. For example, the highly depleted D/H ratio in HDO and H 2 O in the upper atmosphere of Mars (Krasnopolsky et al. 1998 ) can be satisfactorily explained by condensation/evaporation (Bertaux & Montmessin 2001) and photolytic processes (Cheng et al. 1999) . The N/ N isotopic ratio in the atmosphere of Jupiter has 15 14 been determined by various groups (Encrenaz et al. 1978; Tokunaga et al. 1980; Fouchet et al. , 2004 Owen et al. 2001; Abbas et al. 2004) . The observed N/ N ratios in am-15 14 monia at ∼400 mbar from the Infrared Space Observatory Short Wavelength Spectrometer and Cassini spacecraft Composite Infrared Spectrometer (Abbas et al. 2004; Fouchet et al. 2004 ) are, respectively, and ϩ0.9 Ϫ3
1.9 # 10 Ϫ1.0
. In the deeper atmosphere somewhere
Ϫ3
(2.23 ‫ע‬ 0.31) # 10 between 0.9 and 2.9 bar, the in situ Galileo Probe Mass Spectrometer (GPMS) returned a value of (Jewitt et al. 1997) . Recently from the solar wind ϩ0.5 Ϫ3
3.1 # 10
record of nitrogen archived on the Moon, Hashizume et al. (2000) found that N/ N is depleted by at least 24% (or the 15 14 ratio Շ ) relative to the terrestrial value. From the . The ratio is found to be in
the local interstellar medium (Dahmen et al. 1995) and ∼10 in the Large Magellanic Cloud (Chin et al. 1999) . It is
Ϫ2
important to note that the ratio could be very different between molecules (e.g., Hutsemekers et al. 2005 ). The observed depleted abundance of NH 3 in the troposphere of Jupiter (relative 15 to the terrestrial value) leads Owen and colleagues (e.g., Owen et al. 2001; Owen & Encrenaz 2003) to propose that the tropospheric N/ N can be used to indicate the solar nebula value.
14
In this Letter, we investigate the ammonia isotope ratio by considering the photolytic processes of ammonia, based on the laboratory measured photoabsorption cross sections of NH 3 and its isotopologues, in the troposphere of Jupiter. The photoabsorption cross sections ( Fig. 1) for details of e factor. Edgington et al. (1999) . Dashed and dotted lines represent an upper and lower bound of measured NH 3 mixing ratios, respectively. The profiles used in this study are consistent with that obtained by . 
The oscillator strength (Herzberg 1950) f is defined by , where j is the cross section in megabarns are smaller than that of NH 3 by 23%-27%. Thus, the 14 transition is affected by vibrational excitation, presum-B R X ably due to vibronic coupling (Lin 1976; Liao et al. 1999) .
The shift of band origin between isotopologues reflects the difference in zero-point energy of the excited and ground states for these species. ϩ H with a small barrier. Because the solar flux decreases rapidly as the wavelength decreases in this spectral region, we expect that the isotopic photo-induced fractionation has opposite effects for D-and N-isotopologues. The fractionation factor of NH 3 15 15 is presented in the lower panel of Figure 1 . The figure shows that enhanced photolysis of NH 3 occurs at wavelengths greater 15 than ∼210 nm.
MODEL DESCRIPTION AND SIMULATION RESULTS
By analogy with mechanisms that fractionate the isotopic composition of water in the atmosphere of Mars (Bertaux & Montmessin 2001) , we consider photolysis and condensation processes of ammonia in the troposphere of Jupiter. We first calculate the isotopic fractionation of ammonia due to photolysis, and onedimensional models are sufficient for such purpose. The onedimensional Caltech/JPL KINETICS model is used in our study. A detailed description of the model has been given elsewhere (e.g., Gladstone et al. 1996; Moses et al. 2005) . Due to the complexity of chemical and (micro)physical processes involving ammonia, we fix the vertical profiles of ammonia based on the observations (e.g., Edgington et al. 1999 ) and defer self-consistent modeling (dynamics, microphysics, and photochemistry coupled calculation) to a later paper. The vertical profile of ammonia is shown by the solid line in Figure 2 , which is the same as the one used in a companion paper (Cheng et al. 2006) ; this is set to be the reference profile.
Because of absorption by CH 4 and C 2 H 6 in the upper atmosphere of Jupiter, UV photons at wavelengths shorter than ∼160 nm are absent in the troposphere (Gladstone et al. 1996; Moses et al. 2005) . The measured photoabsorption cross sections for ammonia isotopologues (Fig. 1 ) between 140 and 230 nm are suitable for our investigation in the troposphere. The photoabsorption of ammonia mostly takes place in the region between ∼200 and 700 mbar (see Fig. 3, dashed line) , covering the region of interest at ∼400 mbar.
The photolytic efficiencies of NH 3 and NH 3 are shown in using the reference ammonia profile (Fig. 2, solid line) . The photoabsorption rate of NH 3 is overplotted by a dashed line using the cross section presented in Fig. 1 . The maximum rate (1.0) corresponds to molecules cm s . (Owen et al. 2001) in the deep atmosphere. The dashed line denotes a sensitivity study to the changes of ammonia condensation rates based on the vertical eddy mixing coefficients used by Gladstone et al. (1996) . See text for details.
where J is the photolysis rate coefficient, and g p ( (Cheng et al. 2006) . The g value for NH 2 D has a maximum of 143.9% at 300 mbar 14 and levels off at a value about 70% below ∼550 mbar level. Note that the above calculations are based on photochemical equilibrium arguments. See, for example, Yung et al. (1997) and Liang et al. (2007) for an in-depth discussion on the isotopic composition of species in photochemical equilibrium and the role of dynamics in modifying photochemical effects.
Varying the concentration profiles of NH 3 can modify the results presented above. For this, we change the NH 3 profiles shown in Figure 2 (2.3 ‫ע‬ 0.3) # 10 the photolysis-induced fractionation is negligible (see Fig. 3 ), although the difference is not significant. However, the FWHM of the contribution function of the observations (e.g., see Fouchet et al. 2004 ) is as wide as the region where the photolytic process of ammonia is important; the total column photolysis rate of ammonia would be a better indicator to represent the photo- ratios at higher altitudes and in the deep atmosphere, respectively. The fractionation coefficient a is determined experimentally. Since the ammonia condensation rate has not been calculated/ measured, we estimate the rate based on the ammonia mixing ratio profile prescribed by the solid line in Figure 2 (e.g., Abbas et al. 2004) , we find that ammonia can condense in the region between ∼300 and 800 mbar. The lower and upper limits are set by photolysis and and saturation relation of NH 3 , respectively. Over the ∼300 and 800 mbar region, the ammonia microphysics process is more important than the photolysis, resulting in the dilution of the depletion of N caused by photolysis 15 (see Fig. 4 ). Applying the a measured for the liquid-vapor transition of NH 3 (Thode 1940; Jancso & van Hook 1974 [ NH ] p(2.42 ‫ע‬ 0.34) # 10 3 0 the GPMS measurements. Note that the a used in the above calculation is extrapolated from the values measured at higher temperature (∼195-240 K vs. 130 K for the region of interest in Jupiter). The above estimation of the isotopic fractionation of ammonia due to ammonia condensation is calculated by assuming the "open" cloud system, where the condensed phase is in isotopic equilibrium with the vapor phase and the condensed particles leave the system immediately after their formation. There is another model that results in smaller isotopic fractionation: the "closed" cloud model, in which the condensed and vapor phases stay in the same air parcel. See, for example, for a detailed description of the two models. The latter model gives [ NH 3 ] 0 / 15 . 14 Ϫ3
[ NH ] p(2.27 ‫ע‬ 0.32) # 10 3 0
To estimate the sensitivity of the results to the changes of vertical eddy mixing coefficients, a case based on the Gladstone et al. (1996) eddy profile is shown by the dashed line in Figure 4; In contrast, the abundance of NH 2 D is less affected (!10%) by the selection of vertical eddy mixing coefficients. The main reason for this is that the microphysical processes dominate the isotopic fractionation in NH 2 D. To test the above estimation of the ammonia condensation rate, we perform a microphysics calculation using the Community Aerosol and Radiation Model for Atmospheres (CARMA; Toon et al. 1988) . We find that at ∼400 mbar, the ammonia ice production rate ranges between ! and Ϫ15 1 # 10 g cm s (relative humidity ∼100%-120%), ob-Ϫ12 Ϫ3 Ϫ1
9 # 10 tained over a variety of initial conditions (i.e., mean radius of condensation nuclei of 0.01-0.5 mm, number of condensation nuclei of 0.1-100 cm , and initial relative humidity of NH 3
Ϫ3
of 100%-300%), which could be much greater than the nominal production rate (∼10 g cm s ) used in Figure 4 , suggesting
that the microphysical processes of ammonia could be more efficient than we expect from vertical eddy mixing processes to homogenize the isotopic composition of ammonia between 400 mbar level and lower altitudes.
DISCUSSION AND SUMMARY
Elemental and isotopic measurements provide a wealth of information for the formation and evolution of the solar system. The currently favored formation scenario for giant planets suggests that heavier elements are enriched compared with the solar or protosolar abundances. The degree of enrichments (roughly by a factor of , compared with solar abundances, 3 ‫ע‬ 1 for Jupiter) represents the fraction of core mass to the surrounding gaseous envelope (Mizuno 1980; Pollack et al. 1996) , as well as the conditions such as temperature for trapping these elements in the icy planetesimals for the formation of giant planets (e.g., Owen & Encrenaz 2003) . Molecular nitrogen is the biggest N reservoir in solar nebulae. However, it is so volatile that it can hardly be incorporated into planets during their formation. Ammonia is likely to be the major N carrier in giant planets. It has been shown that ion-molecule reactions (Terzieva & Herbst 2000) that the ammonia abundances at 400 mbar at latitudes between ‫04ע‬Њ are controlled primarily by the microphysics of ammonia. The formation of ice particles followed by dynamical processes such as convection Ingersoll et al. 2000) provides an alternative explanation to the observed NH 3 / NH 3 15 14
at 400 mbar and in the deep atmosphere; the evaporation of ammonia ice supplies the loss of ammonia due to photolysis. Further modeling coupled with photochemistry, dynamics, and microphysics could provide valuable information for the dynamical properties in the troposphere of Jupiter. The isotopic composition measurements of NH 2 D and NH 3 at various altitudes 15 and latitudes will be needed to constrain model parameters (e.g., atmospheric dynamics). Laboratory measurements of the photoabsorption cross sections of ammonia isotopologues and fractionation coefficients (a) due to condensation at lower temperature (∼150 K) are required to refine our calculation.
